Binary systems undergoing unstable Roche Lobe overflow spill gas into their circumbinary environment as their orbits decay toward coalescence. In this paper, we use a suite of hydrodynamic models of coalescing binaries involving an extended donor and a more compact accretor. We focus on the period of unstable Roche Lobe overflow that ends as the accretor plunges within the envelope of the donor at the onset of a common envelope phase. During this stage, mass is removed from the donor and flung into the circumbinary environment. Across a wide range of binary mass ratios, we find that the mass expelled as the separation decreases from the Roche limit to the donor's original radius is of the order of 25% of the accretor's mass. We study the kinematics of this ejecta and its dependencies on binary properties and find that it assembles into a toroidal circumbinary distribution. These circumbinary tori have approximately constant specific angular momentum due to momentum transport by spiral shocks launched from the orbiting binary. We show that an analytic model with these torus properties captures many of the main features of the azimuthally-averaged profiles of our hydrodynamic simulations. Our results, in particular the simple relationship between accretor mass and expelled mass and its spatial distribution, may be useful in interpreting stellar coalescence transients like luminous red novae, and in initializing hydrodynamic simulations of the subsequent common envelope phase.
INTRODUCTION
As observational efforts to understand the transient night sky have increased in breadth and depth, a category of optical and infrared transients, known as luminous red novae, has emerged (e.g. Soker & Tylenda 2003 , 2006 Ivanova et al. 2013a; Pastorello et al. 2019; Jencson et al. 2019) . There is strong evidence for the association of these events with stellar coalescence episodes (Tylenda et al. 2011) . The optical flare that accompanies these events is believed to arise from the heating and ejection of material from the binary system as the two stars coalesce (Ivanova et al. 2013a; Nandez et al. 2014; Pejcha 2014; Pejcha et al. 2017; MacLeod et al. 2017; MacLeod et al. 2018b) .
Despite a growing body of observational evidence, a detailed theoretical understanding of how emission from these transients is generated has not yet been reached (see, for example, Soker & Tylenda 2003 , 2006 Ivanova et al. 2013a; Galaviz et al. 2017; Howitt et al. 2020) . Lacking such a model, it is not morgan.macleod@cfa.harvard.edu yet possible, to infer the properties of a merging binary or common envelope phase from the transient it produces (e.g. Iaconi & De Marco 2019) . The ability to make such connections is extremely desirable, however, because this would place empirical constraints on the long-uncertain physics of common envelope phases of binary star interaction. This paper uses hydrodynamical models for the onset of common envelope phases to make a step toward understanding how the range of binary properties affect the ejecta that emerges when these systems coalesce (following the methodology of MacLeod et al. 2018b MacLeod & Loeb 2019) . We study how ejecta mass and kinematics relate to properties of the binary system like binary mass ratio, the degree of synchronization of the donor star with the binary orbit, and donor-star structure. In a related, preceding paper, we analyzed how pre-coalescence orbital dynamics depend on these properties (MacLeod & Loeb 2019) .
Our results are useful in understanding how the ejecta mass in observed transients might relate to the underlying binary system. We also demonstrate that circumbinary material may be a crucial component of the initial conditions of common envelope hydrodynamical simula-tions, which, with some exceptions (e.g. Ricker & Taam 2008; Nandez et al. 2014; Iaconi et al. 2017) , are often initialized at the moment of contact between the binary components (Ohlmann et al. 2016a; Chamandy et al. 2018; Prust & Chang 2019) .
In Section 2, we briefly summarize the hydrodynamic method underlying our simulation models. In Section 3, we define and study mass expelled from binary systems in the lead up to coalescence, when the accretor is engulfed within the envelope of the donor. In Section 4, we examine the kinematics of circumbinary material at the time of coalescence, with attention to how binary parameters affect the relative quantities of bound and unbound circumbinary material. We demonstrate that a useful, though crude, approximation of the circumbinary distribution is a constant specific angular momentum hydrostatic torus, and model the dependence of torus parameters on binary system. In Section 5, we briefly discuss some implications of the accumulation of circumbinary material and in Section 6 we summarize and conclude.
SIMULATION METHOD AND MODELS
The hydrodynamic simulations on which this paper is based are performed using the Athena++ software (Stone, J. M., in preparation). 1 We model mass loss from a gaseous donor star toward a point mass accretor. The donor star is modeled as a polytropic envelope surrounding a point mass core. The accretor is a softened, non-absorbing point mass. The calculations themselves are performed on a spherical polar computational mesh that is centered on the donor star and extends to 100 times its original radius. We, therefore, include forces associated with this non-inertial frame of reference. A full description of this hydrodynamic method and tests is given in MacLeod et al. (2018b) . This method has been applied, with minor modifications, in several follow up works (MacLeod et al. 2018a MacLeod & Loeb 2019) .
In a companion paper, (MacLeod & Loeb 2019), we describe a parameter survey of model binary systems (we add one new simulation, model N, to this paper's analysis). These models share a system of units defined by G = M 1 = R 1 = 1, in which the gravitational constant and the donor's original mass and radius are all one. We vary:
(i) the binary's initial mass ratio of accretor, M 2 , to donor, M 1 , masses, q = M 2 /M 1 ; 1 version 1.1.1 available at: https://github.com/ PrincetonUniversity/athena-public-version/releases/tag/v1.1.1 (ii) the solid body rotation frequency of the donor, parameterized by degree of synchronization at the Roche limit separation, f corot ;
(iii) the adiabatic index of the ideal gas equation of state, γ ad ; and (iv) the structure of the donor's envelope, parameterized by the polytropic index, Γ s .
Further description of these model parameters is given in MacLeod & Loeb (2019) . In Table 1 , we summarize the properties and outcomes of our model binary systems.
PRE-COALESCENCE MASS LOSS
Next, we examine mass lost from coalescing binaries as they transition from the Roche limit separation, where mass transfer begins, to a common envelope phasewhich we define as when the two stellar cores are within the donor star's original radius. In MacLeod & Loeb (2019), we describe how mass loss from the donor star drives the evolution of the orbital angular momentum through torques applied by the gravitational force of the accretor. The key quantities, therefore, are the mass lost from the donor and the specific angular momentum it acquires through interaction with the accretor.
Analysis Metrics
We measure the mass loss prior to binary coalescence, ∆m(a), by integrating the mass at radii larger than the original donor-star radius, including mass that has left the computational domain, at binary separation a. We evaluate ∆m(a) in what follows at a = R 1 , the original donor star radius. In general, however, we observe that mass ejection is still ongoing as the common envelope interaction proceeds. Thus, it is important to emphasize here that the quantities measured represent only the precommon envelope phase, rather than the totality of the binary interaction that ensues.
We compute the specific angular momentum with which material is lost from the binary, which we generally report using the dimensionless form, γ loss = l loss /l bin , where l loss = dL/dm and l bin =
We will make use of a mass-loss-weighted average of γ loss , which we denote with brackets: γ loss . In MacLeod & Loeb (2019), we presented the following approximating formula,
which we use here to estimate γ loss and its dependence on binary system parameters. In the expression above, , accretor mass, M2, initial separation, a0, adiabatic index, γ ad , donor polytropic structural index, Γs, donor fractional spin synchronization fcorot, mass lost from the donor at a = R1, ∆m(R1), normalized to M1 and M2, and the bound and unbound fractions of ∆m(R1), defined as described in the text. Models A-D include variations in initial spin synchronization. Models N, E, and F are variations in the mass ratio. Models G-I and Models J-L are variations γ ad with Γs = 1.35, and q = 0.1 and q = 0.3, respectively. Finally, model M is identical to A, except that it starts at a separation consistent with models G-I. (Pribulla 1998 ).
Integrating Coupled Mass and Angular Momentum Loss
We can integrate the mass loss over an angular momentum interval according to the specific angular momentum loss per unit mass,
where L i and L f are the initial and final angular momenta of the binary. If we use the mass-averaged definition of γ loss and make the approximation that the total binary mass is nearly constant, then we can re-write this as follows,
If we again apply the approximation that the binary's total and component masses are nearly constant, we can express this result in terms of initial and final separations, a i and a f ,
We apply this estimate of the total mass loss over an interval in two cases, first to estimate the total mass loss as the binary converges from the Roche limit separation, a RL to the original donor radius, R 1 ,
where the Roche limit is defined by the Eggleton (1983) approximation is
In this expression, we note that our definition of q = M a /M d is the inverse of that of Eggleton (1983) . Secondly, our hydrodynamic models are initialized at varying binary separations, which implies varying initial orbital angular momenta. All other things being equal, this would lead to a difference in the total ejecta mass. We compensate for this by integrating the same, averaged specific angular momentum loss over the separations not simulated from the Roche limit to the starting separation of the binary simulation, a 0 , and adding this estimate to the numerically computed mass loss over the simulated interval from a 0 to R 1 , which is ∆m(R 1 ). Thus,
estimates the total mass loss if the simulation were initialized at a RL . Table 1 , and therefore encapsulates other parameter variations in the repeated entries at a given q value. We observe that ∆m(R1) is a strong function of q, in fact, the lower panel shows that it scales nearly linearly with q. For guidance, the dashed lines show ∆mest(R1) from equation (5), given different assumptions about the specific angular momentum carried by ejecta, γ loss = γa and γ loss = γL 2 . We find that ∆m(R1)/M2 is nearly constant across a wide range in binary mass ratio.
Results
We begin by examining the primary trend in our simulated model systems, the dependence of ∆m, equation (7), on binary mass ratio, q. Figure 1 shows the dependence of ∆m(R 1 ) on q, rescaled to the mass of the donor star (M 1 , top panel) and the accretor star (M 2 , bottom panel). Multiple entries at a given q reflect the variations of other parameters in Table 1 .
From Figure 1 it is immediately clear that ∆m(R 1 ) has approximately linear dependence on q. As a result, ∆m(R 1 )/M 2 is nearly a constant across more than an order of magnitude in binary mass ratio. We find that Figure 2 . Mass averaged dimensionless specific angular momentum with which material is expelled from the binary, γ loss . We compare to reference values of the specific angular momentum of the donor, accretor, and L2 Lagrange point. After being removed from the donor, material flows toward the accretor and then is lost from the binary with γ loss more similar to the characteristic values of the accretor, γa and γL 2 . These trends allow ∆m(R1) to be estimated as a function of binary properties using equation (5).
∆m(R 1 ) is consistently on the order of 25% of M 2 . Earlier analytical and simulation work has been suggestive of a similar scaling and normalization (MacLeod et al. , 2018a , but the results presented here represent the first systematic survey of binary parameter space. The approximate origin of this scaling is best seen by examination of the estimated mass loss, ∆m est (R 1 ) of equation (5). To make progress, it is essential to understand the value of γ loss . The numerical values of γ loss are well approximated by equation (1). For clarity, we also display the dependence of γ loss on q in Figure 2 . Figure 2 shows that the typical value of γ loss is on the order of the angular momentum of the accretor,
, and vastly different from the original angular momentum of the material, γ d , given its origin in the donor star. Given these values of γ loss , we can use equation (5) to estimate
We note that the result for γ loss = γ L2 is equivalent to ∆m est (R 1 ) ≈ 0.2µ where µ = M d M a /M is the binary reduced mass. The numerical coefficients in equation (8) originate from the logarithm term in equation (5); the numerical values given are appropriate for q = 0.15, and there is a factor of approximately 2 dependence in the range 0.01 ≤ q ≤ 0.3.
In Figure 1 , we add lines for ∆m est (R 1 ) as computed from the full version of equation (5), but given γ loss = γ a and γ loss = γ L2 . These estimates reproduce the approximate magnitude of ∆m(R 1 ). We find, however, that our numerical results have less slope with q. We can attribute this to the variation of γ loss relative to γ a and γ L2 . For low q, we find γ loss < γ a , while for higher q we find γ loss γ L2 (MacLeod & Loeb 2019). This slope in γ loss compensates for the slopes seen in ∆m est (R 1 ), and, as a result, ∆m(R 1 )/M 2 is constant with respect to varying q.
Finally, we consider the dependence of ∆m(R 1 ) on binary system parameters, as shown in Figure 3 . Overall, we observe relatively mild dependence on binary parameters, ∆m(R 1 )/M 2 varies by less than a factor of across binary system parameters. In Figure 3 , we compare to two approximations of ∆m(R 1 )/M 2 . By least-squares fitting, we derive the following approximating formula,
in which we note that that power-law dependence on mass ratio was also a fitted parameter, but the best fit slope was consistent with zero when rounded to two decimal places. In Figure 3 , the results of equation (9) are labeled "approximation". Next, we compare to ∆m est (R 1 )/M 2 , as computed from equation (1)'s fit to γ loss . We find that that both of these approximate forms reproduce the main trends of the simulation data, especially with respect to binary synchronization, adiabatic and structural indicies. The dependence on q is somewhat more variable around the predictions than the other quantities (though we note that the lower value and prediction at q = 0.01 are due to f corot = 0 rather than f corot = 1). 2
Ejecta Binding Energy
We evaluate the binding energy of gas expelled into the circumbinary environment relative to the binary as follows. We compute its Bernoulli parameter, B, which is the sum of its specific kinetic energy, potential, and enthalpy, as elaborated in Appendix A. We denote material with B > 0 as unbound and material with B < 0 as bound. An important caveat to note here is that these quantities measure an instantaneous representation of the gas, rather than its final state since material is not, in general, on the free streamlines for which the Bernoulli parameter will be constant. Thus, gas that is unbound at one moment may collide with other gas parcels, redistributing its energy and achieving a different division of bound and unbound material (MacLeod et al. 2018a) . Figure 4 shows the variations in bound and unbound mass fractions of ejecta at the t = t 1 , when the binary separation equals the original donor radius. Because these are reported as fractions of the ejecta, the bound and unbound mass fractions sum to unity. A key overall observation from Figure 4 is that a fraction between 20% to 100% of the material outflowing from the binary is bound, and will not likely escape to infinity without further energy or momentum input. MacLeod et al.
(2018a) explored this in detail for a single binary model, which had q = 0.3 and γ ad = Γ s = 5/3 (equivalent to Model F). They found that primarily bound material was lost early in the trend from Roche lobe overflow to binary coalescence, with higher radial velocity, unbound ejecta being expelled as the separation shrank to be similar to the donor radius (MacLeod et al. 2018a) .
Previous hydrodynamic simulations of the common envelope dynamical inspiral phase have similarly found that much of the material flung away from the inspiralling stellar cores remains bound to the binary (for example, Ricker & Taam 2008 , 2012 Passy et al. 2012; Ohlmann et al. 2016a; Ohlmann et al. 2016b; Chamandy et al. 2018; Prust & Chang 2019) . The bound fractions vary somewhat, but the finding of the majority of gas being bound in hydrodynamic or magnetohydrodynamic simulations with an ideal gas equation of state seems to be universal (Ivanova et al. 2013b ). The addition of other physical processes (section 3.5 of Iben & Livio 1993) like a more realistic equation of state including ionization and recombination of hydrogen and helium Nandez et al. 2015; , radiation pressure on dust (Glanz & Perets 2018) , or mechanical feedback from jets or other outflows (Soker 2015; Kashi & Soker 2016; Soker 2016; Shiber et al. 2017; Soker 2017; Shiber & Soker 2018) , (R1) with binary system properties. The panels above isolate varying mass ratio (models E, A, and F), degree of spin-orbit synchronization (models A-D), adiabatic index (models G-I and J-L), and structural index (models M and I). We note that ∆m(R1)/M2 is only weakly variant with binary system properties. This implies that the primary dependency is the linear dependence on binary mass ratio, q. We compare to two approximating forms, a least-squares fitting formula, equation (9), and ∆mest(R1). The fit of ∆mest(R1), equation (5), demonstrates that variations seen above reflect differences in the mass-averaged specific angular momentum with which gas is lost from the binary system, γ loss , which is approximated by equation (1). . Fractions of ∆m(R1) that are bound or unbound relative to the binary system, based on Bernoulli parameter in the model snapshot. We find that in each of our models some expelled material remains bound to the binary, while some is unbound. However, the kinematics of the ejecta, and thus these relative proportions are sensitive to the simulation parameters.
In particular, higher mass ratios yield a higher fraction of unbound ejecta, and lower adiabatic indices result in stronger gravitational slingshot past the accretor and a higher proportion of unbound ejecta. have all been discussed as possible mechanisms to eventually unbind circumbinary material.
Returning to the specific context of pre-common envelope orbital decay, Figure 4 demonstrates that changing binary properties in our models leads to non-negligible differences in the distribution of bound versus unbound mass. While the structure of the donor star has no dramatic affect on the binding energy distribution, other properties, like mass ratio, degree of donor rotation, and gas adiabatic index are all impactful in our results. We find that the following fitting formula broadly approximates our results,
and we discuss individual dependencies in what follows. Upon examination of the simulation output, we find that the distinctions in gas binding energy with binary parameters can be traced to differing outflow kinematics as opposed to thermodynamics. Models with a larger fraction of unbound material have larger radial velocities of outflow relative to the binary center of mass, not larger internal energies (i.e. higher temperatures). The trends observed are thus preserved regardless of the inclusion of gas internal energy or enthalpy in the definition of the binding energy (see, for example, the discussion of Ivanova & Chaichenets 2011) . In particular, the binary and gas parameters affect gas flow in the crucial interaction and loss region around the accretor.
Low mass accretors, low q, are observed to be less able to impart sufficient impulse to unbind material from the binary than high mass accretors with larger q. The higher mass accretors impart both more specific angular momentum relative to that of the binary -see the fitting formula of equation (1) -and larger radial velocities to the outflows. This combination of additional kinetic energy and angular momentum imparted per unit fluid mass leads to a higher proportion of unbound mass at larger q. Similarly, degree of donor star corotation, f corot , affects the flow morphology through the L 1 Lagrange point and near the accretor, with these differences reflected in a higher unbound mass fraction for corotating donors.
Finally, we note that gas adiabatic index, γ ad has a dramatic impact on the bound and unbound mass fractions. Interestingly, the greater degree of unbound material when γ ad = 1.35 is not due to the closer-toisothermal equation of state, but to differences in the gas flow in the immediate vicinity of the accretor. We find that expelled gas' angular momentum is not substantially modified by varying γ ad between 1.35 and 5/3, as seen in equation (1) and Figure 5 of MacLeod & Loeb (2019) . However, the radial velocity of gas leaving the vicinity of the accretor and L 2 increases significantly when γ ad is lower. This places more material on trajectories that are unbound relative to the binary center of mass.
We trace the origin of this difference in ejecta radial velocity to pressure gradients near the L 1 point and accretor in the simulations. For example, when γ ad = 5/3 and fluid is compressed near the accretor, pressure gradients overwhelm the gravitational force, and the minimal impact parameter relative to the accretor is dictated by the fluid's resistance to compression through this nozzle point. By contrast, the enhanced compressibility of lower γ ad cases lead to deeper penetration of the L 1 stream toward the accretor, and thus greater momentum and energy transfer. For a related discussion in slightly different context, see Section 4.1 of Murguia-Berthier et al. (2017) .
This discussion highlights two important lessons. On one hand, mass ejection from the binary and its binding energy seems a broad-brush, global property, but our simulations demonstrate that it depends primarily on flow from the donor through the vicinity surrounding the accretor. Without simulating this crucial region, we have little information on the kinematics of the circumbinary material. Secondly, the sensitivities of this flow indicates that unmodeled properties like more realistic equations of state, radiative diffusion and cooling, and magnetohydrodynamical stresses may all play important roles in influencing overall properties beyond the immediate vicinity of the binary and the mass loss region.
Circumbinary Structures
Gas is lost from the binary preferentially in the plane of the orbit. As it self-intersects in spiral shock waves (Pejcha et al. 2016b,a; MacLeod et al. 2018a) , it also spreads vertically, eventually forming thick, toroidal structures around the binary. Within these tori, some material reaches a quasi-hydrostatic configuration, while other gas is outflowing. Because these structures are largely axisymmetric about the binary's angular momentum vector, we will examine azimuthally-averaged properties of circumbinary structures in what follows.
We compute azimuthally-averaged quantities in the R-z plane with origin at the donor star center, like our computational mesh. At R R 1 the binary center of mass would be a more ideal choice of origin for the azimuthal average, but the origin of the computational mesh limits our ability to compute quantities in that manner. We also note that the offset between the cen- Figure 5 . Azimuthally-averaged properties of circumbinary structure at t = t1 for model A (properties in Table 1 ). Structures are azimuthally averaged about the donor star center and above and below the equatorial plane. Gas density shows a thick, toroidal structure with evacuated poles and rapidly decreasing density with distance from the binary. Gas is largely moving with low radial velocity, with the exception of the leading edge of the ejecta and near the pole. The combination Rv φ is nearly constant throughout the torus, implying that material has nearly constant specific angular momentum throughout. Finally, gas Bernoulli parameter demonstrates that the circumbinary material is composed of a bound torus surrounded by unbound ejecta.
ter of mass and donor center at t = t 1 is smaller than R 1 , so any differences at R R 1 are minor. Figure 5 shows azimuthally-averaged density, Σ/2πR, and several mass-weighted kinematic properties of simulation model A at t 1 -thus this represents the circumbinary distribution as the binary coalesces. We denote mass-weighted azimuthally-averaged variables with a bar, such asv r for the mass-weighted average radial velocity. Figure 5 shows a toroidal structure of density with relatively evacuated poles, but otherwise very thick scale height, extending to approximately 50 times the original donor star radius. We see that in most regions the radial velocity,v r , is at most 10-20% of the donor star's escape velocity. Near the poles a low-density region of somewhat more rapid outflow develops as the surrounding torus collimates later ejecta toward the path of least resistance (MacLeod et al. 2018a ). Figure 5 also shows the specific angular momentum, l, relative to the binary center of mass. We observe thatl is nearly constant throughout the circumbinary gas. Spiral shocks, launched by the binary's orbital motion, trace their way through the ejecta -this is seen clearly in Figure 4 of Pejcha et al. (2016b) and Figure  1 of MacLeod et al. (2018a) , for example. These shocks appear to very efficiently redistribute angular momentum within the circumbinary gas, such that the broader distribution of angular momenta with which gas is flung away from the binary converges to a single value (e.g. MacLeod et al. 2018a, Figures 8 and 11) .
Finally, the lower panel of Figure 5 considers the distribution of azimuthally-averaged Bernoulli parameter within the ejecta. In this example, an extensive equatorial region extending to roughly 50 times the donor's radius consists of material bound to the binary. The leading edge of ejecta and material further from the binary midplane is unbound. The most-unbound material (that with the largest escape velocity) is that in the polar funnel region, as discussed by MacLeod et al. (2018a) .
We find that the qualitative features are similar across our models, with the most variable aspect being the relative quantities of bound and unbound gas as demonstrated by the Bernoulli parameter, and as discussed in the previous section. Each of the azimuthally-averaged datasets is available as an hdf5 file and equivalent versions of Figure 5 are also included (online at https://github.com/morganemacleod/ PreCEMassLoss and MacLeod 2020a).
Circumbinary Torus Approximation
Because the presence of circumbinary material in a toroidal configuration is ubiquitous in our models, in this section we consider to what extent these circumbi-nary structures can be reproduced by simplified, analytic distributions. In general, the circumbinary gas distributions have complexity that is not captured by any analytic model that we considered, as we will discuss in more detail below. In particular, the presence of ongoing outflow and newly-ejected material close to the binary are not captured in the simplified forms we consider. Nonetheless, an analytic approximation may be useful in some applications where the complexity of full simulation output is not desirable or warranted.
We considered several models and found that one that is useful -in the sense that it retains an analytic form while capturing some of the gross features of the azimuthally-averaged fluid distribution -is that of a hydrostatic, barotropic torus of constant angular momentum. In this case, we consider gas in the torus to be in hydrostatic equilibrium in the cylindrical Rz plane surrounding the binary (the binary's angular momentum vector points in the +z-direction). Motion in the φ-direction is determined by the condition of constant specific angular momentum, l torus = Rv φ . A barotropic equation of state implies that pressure is a function of density only, we adopt a polytropic form P = K torus ρ γtorus . Hydrostatic equilibrium is derived from a steady-state assumption in the gas momentum equation, in which case pressure gradients balance centrifugal forces from gas rotation and gravity. A final parameter, R 0,torus , describes R at which the torus density vanishes at z = 0. A derivation and description of this torus model is given in Appendix B.1. In its simplicity, this model fails to capture model-specific features like inhomogeneities, and ignores any outflows. It is thus best-suited to the cases of mostly-bound circumbinary material.
We fit the model parameters K torus , γ torus , l torus , and R 0,torus to each simulation case as follows. First, we determine the extent of the circumbinary material, characterized by R 0,torus . To do so, we select expelled material from the background gas in the azimuthal average slices by selecting only material which is at least three times the initial ambient density of the outermost zones, and which has entropy less than 0.9 that of the original isentropic background. Finally, we find the average outermost radius of this selected material for a range of angles from π/6 ≤ θ ≤ π/2. We assign this angle-averaged extent from the simulation to R 0,torus .
We determine the total torus mass and angular momentum, and specify l torus = L torus /M torus . We specify that M torus = ∆m(R 1 ), where M torus is integrated as in equation (B15). We fit the parameters of the polytropic equation of state, K torus and γ torus , by massweighted least-squares fitting in theP -ρ plane. We ap-ply an additional constraint to this fit that requires that M torus = ∆m(R 1 ). Figure 6 (Figure set online at https://github.com/ morganemacleod/PreCEMassLoss and MacLeod 2020a) displays a comparison between the torus model for simulation A and the simulated output. We compare the distribution of material in the pressure-density plane, along with the powerlaw fit determined by K torus and γ torus . We then compare the azimuthally averaged density distribution to that of the model. One conclusion to draw from this comparison is that the overall morphology of the two models shares commonalities, like the approximate profile of density -with higher densities near the equatorial plane and an evacuated polar region. However, significant differences are also present, and largely represent the ways in which the full simulation output is distinct from a hydrostatic torus, in particular with respect to the presence of outflowing material with nonzero radial velocity. Table 2 displays the derived model torus parameters and their dependence on binary model parameters. We observe that the specific angular momentum expelled in the torus, l torus , and the torus extent, R 0,torus , both grow with mass ratio. Otherwise, the binary parameter dependence of torus model parameters is not pronounced. A second conclusion is that the range of values for γ torus ∼ 1.2 to 1.4, is relatively compact, and the values exhibit little parameter dependence. The fact that in most cases γ torus γ ad when γ ad = 5/3 implies the significant role that shock heating plays in increasing the entropy of torus gas as it expands and density decreases. Spiral shocks launched by the binary's motion clearly mediate both the angular momentum content and thermodynamics of this circumbinary material (Pejcha et al. 2016b . Pejcha et al. (2016b) has shown that a key factor is the velocity dispersion with which material leaves the binary since this plays a role in determining the relative velocity of internal shocks.
In this discussion of gas thermodynamics, it is important to note that our hydrodynamic simulations include no radiative diffusion or cooling. Once heat content is established through gas dynamical processes such as those we discuss, it can also be lost through radiation (Pejcha et al. 2016b ). Processes of molecule and dust formation and their associated opacity effects are of crucial importance here and impart scale dependence on astrophysical binary outcomes through the microphysics (e.g. as discussed by . Pejcha et al. (2016a) has usefully classified outcomes for bound circumbinary tori in hierarchies of timescale: comparing rates of cooling to heating, for example. Thus, the thermodynamic conditions implied by our simplified results correspond directly only to the limit where radiative diffusion is unimportant on the dynamical timescale throughout the model.
IMPLICATIONS OF PRE-COALESCENCE MASS LOSS
In this section, we discuss the implications of a moreinformed connection between binary properties and mass ejection during the pre-coalescence phase. We suggest that this connection represents a step toward con-necting binary systems to the transients they produce and toward new predictive models of common envelope phase outcomes (e.g. Iaconi & De Marco 2019) .
Common Envelope Observational Appearance
Circumbinary material generated by pre-coalescence mass loss may have at least two implications for the observational appearance of binaries undergoing this evolution. First, circumbinary material is likely to obscure and modify the appearance of the binary (Pejcha 2014) , and second, the presence of significant circumbinary medium may lead to shock heating of later ejecta and changes in associated transient light curves (Pejcha et al. 2016b,a; .
As material populates the circumbinary environment, it may become optically thick and advance the photosphere beyond the stellar surfaces (Pejcha 2014; Pejcha et al. 2017) . In this case, the appearance of the binary will change as the bolometric luminosity remains similar, but the effective temperature decreases while the radiating surface area grows (Tylenda et al. 2011) . Varying opacities as a function of density and temperature are likely to be crucial in modulating the appearance of the system during this stage. For example, when hydrogen goes from ionized to atomic with decreasing temperature, the opacity can decrease by several orders of magnitude, leading to an optical photosphere at a characteristic temperature for hydrogen recombination of several thousand kelvin (Ivanova et al. 2013a; Pejcha et al. 2016b,a; MacLeod et al. 2017) . Similarly, in colder gas ( 10 3 K) dust may form, dramatically increasing the opacity at optical wavelengths (Pejcha et al. 2016b; Glanz & Perets 2018) . In these cases, the binary would be expected to exhibit a low effective temperature and very extended emitting surface, perhaps tens or a hundred times the original radii of the stars.
A second important aspect of circumbinary material is its influence on potential later ejecta (e.g. . In the context of supernovae explosions and similar transients, the influence of circumstellar material on light curve peak magnitudes and morphologies is well documented, as shock heating increases the thermal energy of ejecta at radii close to the transient photosphere (e.g. Pan et al. 2013 ). In the specific context of common envelope phases and coalescing binary systems, have developed a semi-analytic model based on this scenario in which an outburst meets a surrounding circumbinary distribution. This model captures some aspects of the behavior observed in our simulations and those of Pejcha et al. (2016b,a) . On the basis of our simulations, a difference that may be important is that emitted material from the binary appears to self-interact in series of spiral shock waves rather than in a single outburst.
Quantifying the kinematics, spatial distribution, and mass of circumbinary material as well as the later ejecta are of crucial importance to developing semi-analytic models of transient appearance, and in those regards the results of this work represent a step toward those goals.
Common Envelope Simulations
The stage of progressive Roche lobe overflow is slow compared to the rapid orbital tightening that occurs during the dynamical phase of a common envelope episode (MacLeod et al. 2018b ). This is due to the rapidly rising forces that arise from the plunge of the accretor within the envelope of the donor (MacLeod et al. 2018b; Chamandy et al. 2019) . As a result, many global common envelope simulations are initialized with the accretor already at the surface of the donor (e.g. Ohlmann et al. 2016a,b; Chamandy et al. 2018; Prust & Chang 2019) , in order to devote computational resources to the phase of most rapid and dramatic interaction. Our results show that this approximation is potentially problematic, because it neglects the presence of substantial quantities circumbinary material still present.
In particular, the leading edge of common envelope ejecta will encounter circumbinary material rather than escaping freely to infinity. This may affect the distribution of bound or unbound material, the ejected gas' kinematics, and thermodynamics. Each of these properties influence the outcome of a common envelope phase because the orbiting binary cores must clear and unbind any surrounding circumbinary material before their orbit fully stabilizes Kuruwita et al. 2016 ).
However, encapsulated in our results, we also propose a simplified circumbinary torus model that captures some of the overall features of the circumbinary material (Appendix B.1, and available with examples via version 1.1 of our RLOF python software, MacLeod 2020c). 3 Initializing a common envelope simulation with initial separation equal to the donor radius but with this circumbinary distribution is simple and would be more appropriate than with no circumbinary material.
SUMMARY AND CONCLUSION
We have studied hydrodynamic simulations of coalescing binary systems undergoing unstable Roche lobe overflow from an extended donor star to a more-compact accretor. We analyzed how mass is expelled away from the vicinity of the binary, with particular focus on its total mass and kinematics. Some key conclusions of this work are as follows.
1. Across a range of binary mass ratios, the expelled mass pre-coalescence -from Roche lobe overflow until the separation decays to the donor's original radius -is approximately 25% of the accretor's mass, as shown in Figures 1 and 3 , and approximated by equations (5) and (9). 2. This ejected material is composed of a range of both unbound and bound material. These kinematics and sensitive in particular to the gas equation of state and binary mass ratio -both of which affect the flow of gas through the nozzle near L 1 and away from the binary near L 2 (Figure 4) . The bound fraction is estimated by equation (10).
their observable signatures, as circumbinary material enshrouds the inner binary (Pejcha 2014 ) and spiral shocks heat circumbinary material (Pejcha et al. 2016b,a; . The simple relationship between circumbinary properties and binary mass ratio will prove useful in initializing future common envelope hydrodynamic simulations from contact between the binary components.
There are several crucial caveats to bear in mind regarding the use and interpretation of the results and fitting formulae presented in this paper. While we model the hydrodynamics of the binary interaction and mass loss from the binary system, the physics of this interaction is, by necessity, simplified. It is informative to consider which parameterizations induce differences in the results. For example, we have found that the precommon envelope mass loss is relatively independent of binary parameters when scaled to the mass of the accretor, ∆m(R 1 )/M 2 (Figure 3 ). On the other hand, the kinematics of this outflow do appear to depend, with some sensitivity, on the parameters of the interaction (Figure 4) . The details of the gas flow through the nozzle at L 1 and then away from the binary, appear especially important. In this vein, changing the parameters of the equation of state affects the kinematics of ejecta and, in turn, the distribution of specific binding energy within the circumbinary gas. The lesson to take from this sensitivity is not the particular numerical result, but that the properties of outflow depend on the conditions near the accretor.
The range of possible conditions near the accretor include numerous physical effects that go beyond the scope of what we have considered in this paper. The general equation of state will have a compressibility that depends on the density-temperature regime, and may therefore approximate the respective limits of our survey of γ ad in different portions of the same binary system. The accretors themselves have properties beyond their gravitational influence, which is all that we model in this paper. The respective compactness (whether the accretor is a main sequence star or compact object) and magnetic field of the accretor are examples of properties that are influential in observed binary systems, and may also be critical in these scenarios (Soker 2015; Kashi & Soker 2016; Soker 2016; Shiber et al. 2017; Soker 2017; Shiber & Soker 2018) .
Finally, we note that the circumbinary distribution of material that results during the binary coalescence highlights the significance of radiative cooling that parts of this material will undergo. With the large range of gas densities, there will always be regions in which cooling is important on the dynamical timescale of the flow. Because at least a portion of the torus is bound to the binary, the outcome of this radiative cooling may have dynamical significance in the ongoing interaction traced by spiral shocks through the circumbinary material. Pejcha et al. (2016a) have insightfully characterized bound circumbinary torii in terms of the ratio of cooling timescale to mass ejection timescale, which can play an important role in determining whether the torus is thick, as in our simulations without radiative losses, or thinner and more equatorially concentrated due to loss of pressure support (Pejcha et al. 2016a) . Because these ratios of timescales depend on binary properties, like the system mass and radius, understanding these dependencies is an important goal for future work.
Despite these cautions on the range of lessons that can be drawn from the present results, we emphasize that our findings to date represent a significant step toward the goal of uniting binary systems with the observable transients they produce through their interactions. In particular, because we find that the pre-common envelope mass ejecta depends primarily -and relatively robustly -on the mass of the engulfed accretor object, we can associate the quantity of pre-common envelope circumbinary material with the properties of the subsumed object. This is valuable because, even when a pre-outburst "progenitor" is detected -as in the case of the transients M31 LRN 2015 (Williams et al. 2015; Kurtenkov et al. 2015; MacLeod et al. 2017 ) and M101 OT2015-1 (Blagorodnova et al. 2017 ) -most of the emission comes from the donor star and we typically do not have the benefit of also observing lower-mass companion. Thus, linking properties that may eventually be inferred from photometric observations, such as the ejecta mass, to the underlying binary may become especially useful.
